Introduction
============

Peripheral (mature) T-cell lymphomas (PTCL) are heterogeneous neoplasms often accompanied by aggressive courses and extranodal organ infiltration. PTCL have variable histology, immunophenotype, and molecular features.^[@b1-1050435],[@b2-1050435]^ The World Health Organization (WHO) classification of lymphoid neoplasms distinguishes more than 30 mature T- and natural killer (NK)-cell neoplasms. The most common subtype is PTCL, not otherwise specified (NOS), which collects together cases not attributable to other, better defined, entities. PTCL, NOS is a highly dynamic category with respect to consensus features, proposed cell of origin, and prognostic subsets based on molecular signatures.^[@b3-1050435]^ PTCL, NOS with a follicular T-helper (T~FH~) cell phenotype relates to angioimmunoblastic T-cell lymphoma (AITL), with which it is co-categorized in a provisional group.^[@b4-1050435]^ Another distinguishable PTCL, NOS subset is constituted by cases with cytotoxic features. High-throughput methodologies helped in such histogenetic assignments and in the prognostically relevant separation of non-T~FH~ type PTCL, NOS from AITL and anaplastic large cell lymphoma.^[@b2-1050435],[@b3-1050435],[@b5-1050435]--[@b7-1050435]^ Eminent problems, particularly in PTCL, NOS, are the inefficacy of the poly-chemotherapies historically designed for aggressive B-cell lymphomas and the lack of high-fidelity mouse models^[@b8-1050435]--[@b10-1050435]^ in which to investigate biological principles and to address preclinical questions.

The molecular landscape of PTCL, NOS reveals that altered T-cell receptor signaling, epigenetic modifiers, and immune evasion mechanisms are common.^[@b3-1050435],[@b5-1050435]--[@b7-1050435],[@b11-1050435]--[@b17-1050435]^ Activating mutations in the JAK-STAT pathway affecting mostly the interleukin-2 receptor (*IL2R*), *JAK1*, *JAK3*, *STAT3*, and *STAT5B* were found in many mature T- and NK-cell neoplasms.^[@b18-1050435],[@b19-1050435]^ The entities with the highest incidence of *STAT5B* and *STAT3* mutations are anaplastic large cell lymphoma, cutaneous T-cell lymphoma (CTCL; comprising mycosis fungoides and Sézary syndrome), enteropathy-associated T-cell lymphoma, hepatosplenic T-cell lymphoma, NK/T-cell lymphoma, T-cell prolymphocytic leukemia, and the auto-aggressive CD8^+^ T-large granular lymphocyte leukemia.^[@b15-1050435],[@b20-1050435]--[@b22-1050435]^ Furthermore, mutations in chromatin remodelers, GTPases, DNA repair machinery or co-repressors have been associated with JAK/STAT hyperactivation.^[@b19-1050435]^

*STAT5B*^N642H^ is the most frequent recurrent gain-of-function mutation in the closely related genes encoding for the transcription factors *STAT5A* and *STAT5B*. It is associated with unfavorable disease progression in patients^[@b15-1050435],[@b23-1050435]--[@b31-1050435]^ and leads to an aggressive CD8^+^ T-cell neoplasia in mice.^[@b32-1050435]^ JAK-STAT signaling is a central cancer pathway driving survival and cell cycle progression, but it also promotes differentiation and senescence as safety pathways. STAT5A and STAT5B play important roles in immune cells^[@b33-1050435]^ and absence of lymphoid STAT5 results in loss of CD8^+^, gδ, and regulatory T cells (T~reg~)^[@b34-1050435]^ Differentiation of CD8^+^ T cells is regulated by STAT5 in a dose-dependent manner^[@b35-1050435]^ and enhances effector and memory CD8^+^ T-cell survival and proliferation. High levels of tyrosine phos-phorylated STAT5 (pYSTAT5) are associated with a negative prognosis in many myeloid neoplasms.^[@b36-1050435]^

Aggressive CD8^+^ T-cell neoplasia resulted in early death upon *STAT5B*^N642H^ expression.^[@b32-1050435]^ Enhanced pYSTAT5 can also be mimicked by the hyperactive *Stat5a*^S710F^ variant (cS5^F^).^[@b37-1050435]^ We generated and compared graded STAT5 activity mouse models within the hematopoietic system. Low activity models displayed only a modest CD8^+^ T-cell expansion, whereas those with high STAT5 activity developed aggressive CD8^+^ PTCL-like disease reminiscent of human PTCL, NOS with cytotoxic features. Although STAT5A- and STAT5B-induced changes largely overlap, STAT5B hyperactivation was more aggressive than STAT5A hyperactivation. Comparative analyses revealed that STAT5A and STAT5B overexpression is common in human mature T-cell lymphomas. The clinical JAK1/2/3 inhibitors ruxolitinib and tofacitinib^[@b38-1050435]^ as well as a selective STAT5 inhibitor^[@b39-1050435]^ specifically reduced viability of PTCL cells. Ruxolitinib blocked PTCL disease *in vivo*. We conclude that STAT5 activation drives PTCL and that patients with PTCL can benefit from JAK/STAT inhibitors.

Methods
=======

Animals and generation of transgenic mice
-----------------------------------------

Mice were maintained on a C57BL/6N background, housed in a specific-pathogen-free facility under standardized conditions and monitored daily for signs of disease. All animal experiments were carried out according to the animal license protocols (BMWF-66.009/0281-I/3b/2012, BMWFW-68.205/0166-WF/V/3b/2015, BMWFW-68.205/0117-WF/V/3b/2016 and BMWFW-68.205/0103-WF/V/3b/2015) approved by the institutional Ethics Committee and the Austrian Ministry BMWF authorities. All transgenic mice were hemizygous. Non-transgenic littermates served as controls. We used the *vav*-hematopoietic vector *vav-hCD4* (*HS21/45*)^[@b40-1050435]^ to generate transgenic mice expressing cS5^F^ in the hematopoietic system at different levels (called cS5A^lo^ \[B6N-Tg(Vav-cS5F)564Biat\] and cS5A^hi^ \[B6N-Tg(Vav-cS5F)565Biat\]), as described in the *Online Supplementary Methods*. Details of hSTAT5B and hSTAT5B^N642H^ mice have been published.^[@b32-1050435]^ All primers used are listed in *Online Supplementary Table S1*.

Patients' samples
-----------------

Retrospective immunohistological analysis, approved by the ethics committee of the Medical University of Vienna (1437/2016), was done on formalin-fixed, paraffin-embedded patients' specimens of 35 PTCL, NOS, 14 AITL, 6 mycosis fungoides, and 29 CTCL (from 23 patients) cases and 5 non-diseased lymph nodes, kindly provided by the Medical University of Vienna, Austria, the Karl Landsteiner University of Health Sciences, St. Poelten, Austria, Wilheminenspital (Wiener Krankenanstaltenverbund), Vienna, Austria, and the University Hospital Brno, Czech Republic. Samples were included in this study after patients had given informed consent in accordance with the Declaration of Helsinki. Diagnoses of samples were made according to the 2008 WHO criteria by experienced hematopathologists or expert dermatopathologists. Patients with CTCL were diagnosed according to the WHO-EORTC classification for cutaneous lymphomas as follows: mycosis fungoides (stage IA: n=10, stage IB: n=1, stage IIA: n=1, stage IIB: n=6), Sézary syndrome (n=2), and lymphomatoid papulosis (n=3).

Histological analysis of murine and human sections
--------------------------------------------------

Formalin-fixed, paraffin-embedded 3 mm consecutive mouse organ sections were stained with hematoxylin (Merck, Darmstadt, Germany) and eosin G (Carl Roth, Karlsruhe, Germany). Immunohistochemistry was performed using antibodies against CD3, Ki67, pYSTAT5, STAT5A and STAT5B (*Online Supplementary Table S4, Online Supplementary Methods*). For immunohistochemical analysis of STAT5A and STAT5B expression in human samples, tissue microarrays were built including 14 AITL, 35 PTCL, NOS, 7 CTCL, and 6 mycosis fungoides cases each represented by duplicate or triplicate core biopsies. In addition, paraffin-preserved sections of 29 CTCL samples (from 23 patients) were analyzed. Fivc non-neoplastic lymph nodes served as controls. Quantification of the staining is described in the *Online Supplementary Methods*. Images were taken with a Zeiss Imager Z1 microscope (Carl Zeiss, Oberkochen, Germany).

RNA sequencing
--------------

mRNA was isolated from CD8^+^ T cells harvested from lymph nodes \[wildtype (wt) - 2-3 mice pooled per sample, cS5A^lo^, cS5A^hi^, hSTAT5B^N642H^ n=5, hSTAT5B n=4\]. RNA sequencing was performed with Illumina HiSeq-2500 (Illumina, San Diego, CA, USA) at the VBCF next-generation sequencing unit ([www.vbcf.ac.at](www.vbcf.ac.at)). Details of the analysis are provided in the *Online Supplementary Methods*.

RNA-sequencing data can be found in the GEO database with the accession identities GSE124102 and GSE93847.

Statistical analysis
--------------------

Data are reported as mean values ± standard error of mean and were analyzed by GraphPad Prism^®^ 5 (San Diego, CA, USA) or RStudio Version 1.0.153 (Boston, MA, USA). *In vitro* data, western blots, quantitative reverse transcriptase polymerase chain reactions (qRT-PCR) and viability assays were repeated at least three times (unless indicated otherwise). The numbers of animals or patients are stated in each figure or figure legend. Applied statistical tests are mentioned in the respective figure legend. *P* values \<0.05 were accepted as statistically significant and denoted as follows: \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001, and \*\*\*\**P*\<0.0001.

Results
=======

STAT5A or STAT5B activation leads to a mature CD8^+^ T-cell disease in mice
---------------------------------------------------------------------------

To test whether hyperactive STAT5 signaling alone is sufficient to drive PTCL, we generated transgenic mice with graded expression of wildtype (wt) *STAT5B* or gain-of-function *Stat5a* or *STAT5B*. We used the well-characterized hyperactive *Stat5a*^S710F^ (cS5^F^) variant^[@b37-1050435]^ expressed at low or high level, human (h)*STAT5B* served as a negative control and h*STAT5B^N642H^* served as a positive T-cell neoplastic model.^[@b32-1050435]^ All transgenes contain a C-terminal FLAG-tag driven under control of the *vav*-promoter enabling expression from the hematopoietic stem cell stage onwards throughout all blood lineages^[@b40-1050435]^ (hereafter referred to as cS5A^F^, cS5A^lo^, cS5A^hi^, hSTAT5B and hSTAT5B^N642H^) ([Figure 1A](#f1-1050435){ref-type="fig"}, *Online Supplementary Figure S1A-D*). We confirmed significantly elevated pYSTAT5 levels in hematopoietic organs of cS5A^hi^ and hSTAT5B^N642H^ mice whereas the cS5A^lo^ animals showed a modest increase in pYSTAT5 ([Figure 1B](#f1-1050435){ref-type="fig"}, *Online Supplementary Figure S1E*). Kidney, colon and liver did not display significant transgene expression (*Online Supplementary Figure S1E*). Transgene expression was verified by qRT-PCR in FACS-sorted CD4^+^, CD8^+^, CD19^+^, CD11b^+^ and NK cells of 8-week old cS5A^lo^ and cS5A^hi^ mice, with CD8^+^ T cells showing highest transgene mRNA expression (*Online Supplementary Figure S1F*).

![Expression of a gain-of-function *Stat5a* or *STAT5B* variant leads to a polyclonal CD8^+^ T-cell disease. (A) Schematic representation of the FLAG-tagged *STAT5* constructs for generation of transgenic mouse lines expressing hyperactive *Stat5a* (cS5A^lo^ and cS5A^hi^) or human *STAT5B* (hSTAT5B and hSTAT5B^N642H^). (B) Immunoblot on lymph node lysates from cS5A^hi^, cS5A^lo^, wildtype (wt), hSTAT5B, and hSTAT5B^N642H^ mice (n=2/genotype) using antibodies to FLAG, phosphotyrosine(Y694)-STAT5 (pYSTAT5) and STAT5. HSC70 was used as a loading control. Representative blot of four experiments. (C) Kaplan-Meier disease-free survival plot of wt (n=20), cS5A^lo^ (n=12), cS5A^hi^ (n=37), hSTAT5B (n=20) and hSTAT5B^N642H^ (n=34) mice; *P*≤0.0001 with the log-rank (Mantel-Cox) test. (D) White blood cell (WBC) count measured at 6-week intervals from wt (n≥6), cS5A^lo^ (n≥8) and cS5A^hi^ (n≥10) mice for 66 weeks (cS5A^hi^ until 42 weeks, unpaired *t*-test wt *vs*. cS5A^lo^ *P*≤0.0001, wt *vs*. cS5A^hi^ *P*=0.003). (E) Representative blood smears of 32-week old mice, scale bar 30 mm, and representative flow cytometry dot plots of CD4 and CD8 cells in peripheral blood of 32-week old wt, cS5A^lo^ and cS5A^hi^ mice. (F) Macroscopic appearance of thymi, lymph nodes (LN), and spleens of representative age-matched wt, cS5A^lo^ and diseased cS5A^hi^ mice.](105435.fig1){#f1-1050435}

Enhanced STAT5 activation in the hematopoietic system led to development of neoplasia resulting in death between 25 to 45 weeks of age irrespective of gender in cS5A^hi^ mice, which was significantly later than in hSTAT5B^N642H^ mice which develop a lethal disease within 10 weeks.^[@b32-1050435]^ cS5A^lo^ were as long-lived as wt mice; hSTAT5B mice were also followed for more than 1 year without showing signs of disease ([Figure 1C](#f1-1050435){ref-type="fig"}). The strong lymphoma phenotype of hSTAT5B^N642H^ mice suggests a role of STAT5A as a possible balancer due to STAT5A/B heterodimerization, but only high pYSTAT5 levels drive the disease.

White blood cell counts rose steadily in cS5A^hi^ mice to a level comparable to that in diseased hSTAT5B^N642H^ mice, whereas cS5A^lo^ exerted only a subtle effect, resulting in doubling of the white cell count compared to that in wt mice ([Figure 1D](#f1-1050435){ref-type="fig"}, *Online Supplementary Figure S1H*), also seen in the blood smears ([Figure 1E](#f1-1050435){ref-type="fig"}). Like hSTAT5B^N642H^ mice, adult cS5A^hi^ massively expanded CD8^+^ T cells and the phenotype in cS5A^lo^ mice was intermediate ([Figure 1E](#f1-1050435){ref-type="fig"}, *Online Supplementary Figure S1G, H*). At 32 weeks of age, cS5A^hi^ mice had massively enlarged lymph nodes at all lymphatic sites and severe splenomegaly, but cS5A^lo^ mice did not show any pathological abnormalities. Interestingly, macroscopically, STAT5A transgenic thymi showed no obvious differences from those of age-matched controls ([Figure 1F](#f1-1050435){ref-type="fig"}). Our further analysis focused on the comparison of cS5A^hi^ mice and their wt littermates.

Expanded CD8^+^ T cells exert a mature cytotoxic T-lymphocyte phenotype
-----------------------------------------------------------------------

At the age of 25-45 weeks all cS5A^hi^ mice developed terminal disease. CD8^+^ T cells were dominant in spleen ([Figure 2A](#f2-1050435){ref-type="fig"}, *Online Supplementary Figure S2A*), peripheral blood, lymph nodes and bone marrow of cS5A^hi^ mice (*Online Supplementary Figure S2B*). While relative levels of CD4^+^ T, CD19^+^ B and CD11b^+^Gr1^hi^ myeloid cells were decreased (*Online Supplementary Figure S2A-C*), absolute numbers of these cell types were elevated, although to a lesser extent than CD8^+^ T cells ([Figure 2A](#f2-1050435){ref-type="fig"}). In contrast, both the relative and absolute numbers of NK cells were decreased ([Figure 2A](#f2-1050435){ref-type="fig"}, *Online Supplementary Figure S2A*). Western blot analysis of lymphocyte subpopulations confirmed the highest levels of cS5A^F^ expression in CD8^+^ T cells (*Online Supplementary Figure S2D*). The cS5A^lo^ mice did not display a phenotype despite increased CD8^+^ T-cell numbers and pronounced pYSTAT5 levels (*Online Supplementary Figure S2E-I*).

![High STAT5A activation promotes CD8^+^ T-cell neoplasia. (A) Flow cytometric analysis of splenocytes of diseased cS5A^hi^ mice and wildtype (wt) littermates showing absolute CD8^+^ T-cell (*P*=0.0001), CD4^+^ T-cell (*P*=0.0002), B-cell (*P*≤0.0001, all unpaired *t*-test with the Welch correction), CD11b^+^Gr1^hi^ (P=0.0014) and natural killer (NK)-cell numbers (*P*=0.0237, both unpaired *t*-test) (B) Left: tumor weight of subcutaneous (s.c.) MC-38 tumors 18 days after injection of 1x10^6^ cells in both flanks of 10-week old wt (n=11), cS5A^lo^ (n=9) and cS5A^hi^ (n=10) mice (one-way analysis of variance with the Tukey multiple comparison test). Middle: macroscopic view of isolated MC-38 tumors, scale bar represents 1 cm. Right: tumor incidence per injection of MC-38 cells (logistic regression, *P*=0.031) and percentage of CD8^+^ T-cell tumor infiltrating cells (Kruskal-Wallis test with the Dunn multiple comparison test). (C) Flow cytometric analysis of CD2, CD3 and CD5 expression on CD8^+^ wt (n=10) and cS5A^hi^ (n=11) splenocytes. Mean fluorescent intensity (MFI) unpaired *t*-test (CD2 *P*=0.85, CD3 *P*=0.91, CD5 *P*=0.0002), relative expression unpaired *t*-test with the Welch correction (CD2 *P*=0.0001, CD3 *P*=0.0044, CD5 *P*=0.0021). (D) Flow cytometric characterization of splenic wt (n=13) and cS5A^hi^ (n≥31) CD8^+^ T cells: CD25 (left, *P*\<0.0001, unpaired *t*-test) and CD44 expression (right, *P*\<0.0001, unpaired *t*-test with the Welch correction) with representative histograms and (E) CD44^+^CD62L^+^ (left, *P*\<0.0001, unpaired *t*-test with the Welch correction) and CD44^+^CD62L^-^ expression (right, *P*=0.0492, unpaired *t*-test).](105435.fig2){#f2-1050435}

To assess the functionality of the cytotoxic T cells (CTL), we injected the C57BL/6 isogenic CTL-responsive lymphoma cell line E.G7 or the colon carcinoma cell line MC-38 into flanks of 10-week old wt, cS5A^lo^ or cS5A^hi^ mice. In comparison to tumors in wt hosts, tumors in cS5A^lo^ and cS5A^hi^ mice were significantly smaller or absent and infiltrated more by CD8^+^ T cells, indicating that the expanded CD8^+^ T cells retained functionality ([Figure 2B](#f2-1050435){ref-type="fig"}, *Online Supplementary Figure S2J*).

Next, we sought to further characterize the disease-causing cells. cS5A^hi^ CD8^+^ T cells retained CD2, CD3 and CD5 expression ([Figure 2C](#f2-1050435){ref-type="fig"}, *Online Supplementary Figure S2K*). CD25^+^ and CD44^+^ CD8^+^ T cells were expanded in peripheral blood and hematopoietic organs of cS5A^hi^ animals ([Figure 2D](#f2-1050435){ref-type="fig"}, *Online Supplementary Figure S2L, M*), indicative of an activated/memory-like T-cell phenotype.^[@b41-1050435]^ CD8^+^ T cells can be divided into effector (T~EM~) and central memory (T~CM~) subsets, either representing a rapid effector cell or exerting lymph node-homing properties with potent proliferative potential.^[@b42-1050435],[@b43-1050435]^ cS5A^hi^ mice displayed elevated levels of CD44^+^CD62L^+^CD8^+^ (T~CM~) and CD44^+^CD62L^−^CD8^+^ (T~EM~) T cells ([Figure 2E](#f2-1050435){ref-type="fig"}, *Online Supplementary Figure S2N, O*). Gene set enrichment analysis on differentially expressed genes in CD8^+^ T cells of cS5A^hi^ compared to cS5A^lo^ mice also correlated to a memory/effector signature (*Online Supplementary Figure S2P*).^[@b44-1050435]^ The homing and activation marker CCR7 was also expressed on a subpopulation; CD8^+^CD62L^−^CD27^−^CCR7^+^ cells in particular were more frequent in cS5A^hi^ than in wt cases (*Online Supplementary Figure S2Q, R*). Furthermore, hyperactive STAT5A signaling led to more T~reg~ and gδ T cells (*Online Supplementary Figure S2S, T*).

Together, these data indicate that hyperactivation of STAT5A in cS5A^hi^ transgenic mice induces mature T-cell neoplasia with an activated cytotoxic CD8^+^ memory phenotype.

STAT5-driven CD8^+^ T cells infiltrate organs
---------------------------------------------

Enlarged lymph nodes, splenomegaly and infiltration of T cells into organs such as the skin, liver, lung and bone marrow are hallmarks in human PTCL. Histological analysis of tissues from cS5A^hi^ mice revealed disrupted lymph nodes and spleen architecture with dense infiltration of CD3^+^ T cells and increased proliferation (Ki67^+^) within lymphomas ([Figure 3A, B](#f3-1050435){ref-type="fig"}, *Online Supplementary Figure S3A*). With regards to skin pathology, diseased mice displayed a thickened dermis with diffuse infiltration of CD3^+^ T cells (*Online Supplementary Figure S3B, C*). Moreover, peribronchial and interstitial T-cell infiltrations were detected in lungs of cS5A^hi^ mice ([Figure 3C](#f3-1050435){ref-type="fig"}). Hepatic T-cell infiltration in portal tracts and sinusoids as well as diffuse perivascular and interstitial renal infiltrates were prominent ([Figure 3D](#f3-1050435){ref-type="fig"}, *Online Supplementary Figure S3D*). Higher numbers of Ki67^+^ cells indicated active proliferation of infiltrating T cells ([Figure 3C, D](#f3-1050435){ref-type="fig"}, *Online Supplementary Figure S3B, D*, quantification summarized in *Online Supplementary Figure S3E*).

![Expanded CD8^+^ T cells infiltrate peripheral organs. (A) CD3 staining of a representative enlarged lymph node (LN) of a diseased cS5A^hi^ mouse and age-matched wildtype (wt) mouse LN. (B) CD3 staining on consecutive cuts of representative spleens of wt controls and diseased cS5A^hi^ mice. (C, D) Hematoxylin & eosin (HE) (left), CD3 (middle) and Ki67 (right) staining of consecutive sections of lung (C) and liver (D) of diseased cS5A^hi^ and age-matched wt mice. (A-D) Scale bars indicate 50, 100, 200, or 800 mm.](105435.fig3){#f3-1050435}

Transferred cS5A^hi^ CD8^+^ T cells induce peripheral T-cell lymphoma in non-irradiated recipients
--------------------------------------------------------------------------------------------------

To establish the disease-initiating potency of the mature and differentiated cS5A^hi^-CD8^+^ T cells, we transferred CD8^+^ Ly5.2^+^/CD45.2^+^ T cells from lymph nodes or spleens of diseased cS5A^hi^ transgenic mice into non-irradiated immunocompetent Ly5.1^+^/CD45.1^+^ recipient mice ([Figure 4A](#f4-1050435){ref-type="fig"}). Recipients of cS5A^hi^ CD8^+^ T cells showed an increase in white blood cell count starting from 8 weeks after transplantation due to an expansion of the Ly5.2^+^ cS5A^hi^-CD8^+^ T cells in contrast to wt-derived CD8^+^ T cells ([Figure 4B](#f4-1050435){ref-type="fig"}, *Online Supplementary Figure S4A*). Recipients of cS5A^hi^-CD8^+^ T cells had splenomegaly (*Online Supplementary Figure S4B*) and high levels of donor-derived cS5A^hi^-CD8^+^ T cells in organs ([Figure 4C, D](#f4-1050435){ref-type="fig"}, *Online Supplementary Figure S4C, D*). We conclude that cS5A^hi^-CD8^+^ T cells can expand and rapidly infiltrate multiple organs in wt recipients. This indicates that high pYSTAT5 in CD8^+^ T cells induces a transplantable disease.

![cS5A^hi^ CD8^+^ T-cell transfer recapitulates an aggressive T-cell lymphoma/leukemia phenotype. (A) Scheme of CD8^+^ T-cell transfer. LN: lymph node; wt: wildtype; i.v.: intravenous. (B) Representative flow cytometry dot plots of recipient's peripheral blood 12 weeks after injection showing gating on CD3e^+^ CD8^+^ T cells and further Ly5.1/2 gating (left). CD8^+^ T cells and %Ly5.2^+^ donor-derived CD8^+^ T cells (right) in recipient's peripheral blood measured after injection at 4-week intervals for 16 weeks (n=6/organ source, untreated control n=2, wt LN n=1, *P*\<0.0001). (C) Endpoint analysis: percentage of CD8^+^ T cells in spleen (left), LN (middle) and bone marrow (BM) (right) of control (wt-CD8^+^ recipients), spleen- and LN-derived cS5A^hi^-CD8^+^ T-cell recipients (*P*\<0.0001). Two-way analysis of variance (ANOVA) with the Bonferroni post test (B) and one-way ANOVA with the Tukey multiple comparison test. (D) Hematoxylin & eosin (HE) and anti-CD3 staining of representative consecutive sections from lungs of wt and cS5A^hi^-CD8^+^ T-cell recipients. Scale bars indicate 50 or 100 mm.](105435.fig4){#f4-1050435}

cS5A^hi^- or hSTAT5B^N642H^-dependent gene expression profiles are highly correlated to human peripheral T-cell lymphoma
------------------------------------------------------------------------------------------------------------------------

Next, we performed RNA-sequencing and subsequent gene set enrichment analysis with CD8^+^ T cells from 15-week old wt, cS5A^lo^ and cS5A^hi^ mice to identify cS5A^F-^ dependent changes in global gene expression patterns. Only very few genes were deregulated in cS5A^lo^ CD8^+^ T cells, reflecting mild changes. Comparing up- or down-regulated genes in cS5A^hi^ CD8^+^ T cells to wt and cS5A^lo^, there were 182 commonly up- (63.6%) and 101 (26%) commonly down-regulated genes. In addition, 71 (24.8%) or 30 genes (10.5%) were specifically upregulated in cS5A^hi^ *vs*. wt or cS5A^hi^ *vs*. cS5A^lo^ cells, respectively. Most downregulated genes (253 genes, 65.2%) were seen in cS5A^hi^ compared to wt mice, whereas only 11 genes (2.8%) showed lowered expression in cS5A^hi^ compared to cS5A^lo^ animals ([Figure 5A](#f5-1050435){ref-type="fig"}, *Online Supplementary Figure S5A*). We confirmed differential expression of well-described STAT5-target genes *Pim1*, *Bcl2*, *Bcl6* and *Cish* by qRT-PCR (*Online Supplementary Figure S5B*). Gene set enrichment analysis on genes significantly up- or down-regulated in wt *vs*. cS5A^hi^ or cS5A^lo^ *vs*. cS5A^hi^ mice confirmed the IL-2-STAT5 signaling axis and revealed enrichment of *E2F* and *Myc* targets and G2M checkpoint genes as well as a lowered interferon (IFN) response in STAT5 hyperactive mice ([Figure 5B](#f5-1050435){ref-type="fig"}, *Online Supplementary Figure S5C*). This matches the described STAT5-IFN axis in transformation.^[@b45-1050435]^ *Stat5a* and *Stat5b* share very similar roles in T cells.^[@b46-1050435]^ However, sequencing efforts attribute an important role to the activating STAT5B^N642H^ variant.^[@b28-1050435],[@b32-1050435]^ To compare the phenotypically largely overlapping, though much more aggressive, disease of hSTAT5B^N642H^ and cS5A^hi^ mice, we contrasted gene expression patterns of wt, cS5A^lo^, cS5A^hi^, hSTAT5B and hSTAT5B^N642H^ CD8^+^ T cells ([Figure 5C](#f5-1050435){ref-type="fig"}, *Online Supplementary Figure S5D*, RNA-sequencing of hSTAT5B and hSTAT5B^N642H^ as published^[@b32-1050435]^). The hSTAT5B and cS5A^lo^ expression profiles cluster with that of wt T cells (*Online Supplementary Figure S5D*), whereby hyperactive STAT5A and STAT5B signaling share 373 (28.8%) commonly deregulated genes ([Figure 5D](#f5-1050435){ref-type="fig"}). Importantly, both CD8^+^ T-cell neoplasia models are enriched for genes reported to be altered in PTCL, NOS with cytotoxic T-cell features^[@b6-1050435],[@b7-1050435]^ ([Figure 5E](#f5-1050435){ref-type="fig"} and *Online Supplementary Table S5*), the closest match being to deregulated cS5A^hi^ genes in the tested T-cell lymphoma gene sets (*Online Supplementary Figure S5E*). Enrichr pathway analysis^[@b47-1050435]^ of the shared cS5A^hi^ and hSTAT5B^N642H^ gene expression signature revealed an upregulation of cytokine-cytokine receptor interaction and JAK/STAT signaling. The exclusive hSTAT5BN642H genes can be attributed to enhanced cell cycle and division, which may explain its sensitivity to Aurora Kinase inhibition^[@b32-1050435]^ (*Online Supplementary Figure S5F, Online Supplementary Table S6*).

![Transcriptional profiling reveals close correlation to human peripheral T-cell lymphoma. (A) CD8^+^ T-cell RNA-sequencing (performed with Illumina HiSeq2500) analysis showing the number of significantly (left) up- and (right) down-regulated genes in wildtype (wt), cS5A^lo^ and cS5A^hi^ CD8^+^ T cells obtained from lymph nodes (n=5/genotype; adjusted *P*-values \<0.1, log~2~ fold change \>1 and \<-1). (B) Summary of gene set enrichment analysis (GSEA) of hallmark gene sets enriched in cS5Ahi *vs*. cS5A^lo^ CD8^+^ T cells \[false discovery rate (FDR) ≤0.25, adjusted *P*-value ≤0.05)\]. (C) RNA isolated from CD8^+^ T cells of wt (n=10), hSTAT5B (n=4), hSTAT5B^N642H^, cS5A^lo^ and cS5A^hi^ (all n=5) mice were subjected to RNA-sequencing. Heatmap of genes deregulated in a comparison of all genotypes to wt controls (n=1,055) clustered for up- and down-regulated genes specific to individual conditions, as well as for genes shared between hSTAT5B^N642H^ and cS5A^hi^. Scaled, rlog transformed normalized counts from DESeq2 were used for the analysis. (D) Venn diagram of differentially expressed genes in cS5A^hi^ *vs*. wt and hSTAT5B^N642H^ *vs*. wt CD8^+^ T cells (adjusted *P*-values \<0.1, log~2~ fold change \>1 and \<-1). (E) GSEA of STAT5B^N642H^ and cS5A^hi^ expression data shows a correlation to peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS) with cytotoxic T-cell features. NES: normalized enrichment score. The gene set was compiled from literature.^[@b6-1050435],[@b7-1050435]^](105435.fig5){#f5-1050435}

We conclude that the immunophenotype, pathology and gene signatures of the cS5A^hi^-induced PTCL-like disease overlap with those of human PTCL, NOS with cytotoxic T-cell features, which is associated with a particularly poor prognosis. hSTAT5B^N642H^ correlates similarly but is more aggressive. This implies that a significant threshold of STAT5 activity is not only required to induce, but is also sufficient to promote PTCL development.

Elevated STAT5 activation in human mature T-cell lymphomas
----------------------------------------------------------

Subsequently, we investigated STAT5A or STAT5B expression and cellular localization in PTCL entities by specific immunohistochemical STAT5A or STAT5B staining. Quantification of nuclear STAT5 staining intensity revealed that PTCL, NOS cases had higher expression and activation of STAT5A and STAT5B (score 3 or 4) than non-reactive lymph node samples (score 1 [Figure 6A, B](#f6-1050435){ref-type="fig"}), in line with nuclear staining indicative of enhanced STAT5-mediated transcriptional activity. Comparable results were obtained when samples of AITL and various CTCL cases were analyzed (*Online Supplementary Figure S6A-C*), in line with previous reports.^[@b48-1050435]--[@b51-1050435]^ pYSTAT5 staining on PTCL and AITL cases confirmed that nuclear STAT5A/B staining corresponds to elevated pYSTAT5 levels (*Online Supplementary Figure S6D*). Analysis of *STAT5A* and *STAT5B* mRNA expression levels in 18 PTCL, NOS samples compared to non-diseased human lymph nodes (n=4) showed six-fold and two-fold upregulation of *STAT5A* and *STAT5B* expression, respectively ([Figure 6C](#f6-1050435){ref-type="fig"}, *Online Supplementary Figure S6E*). Similar results were obtained when we compared seven AITL cases to control tissue (*Online Supplementary Figure S6F*). Enhanced *STAT5A* expression was strongly correlated with elevated *STAT5B* levels (*Online Supplementary Figure S6E-F*). To increase the numbers of patients and disease entities, tissue microarrays were quantified for STAT5A and STAT5B expression -- with highly positive STAT5A and STAT5B nuclear staining intensities across PTCL entities ([Figure 6D](#f6-1050435){ref-type="fig"}, *Online Supplementary Figure S6G*).

![Enhanced STAT5 expression and activity in peripheral T-cell lymphoma, not otherwise specified. (A) STAT5A (top) and STAT5B (bottom) staining of representative non-diseased human lymph nodes (hLN, *n*=4) and peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS) cases (*n*=8) with nuclear STAT5A/B staining intensity scoring. Scale bars indicate 100 or 50 mm. (B) Summary of scoring of nuclear STAT5A (top) and STAT5B (bottom) staining intensity ranging from 1 (low) to 4 (high). (C) *STAT5A* (left) and *STAT5B* (middle) mRNA levels of non-diseased hLN (n=4) *vs*. PTCL, NOS lymphoma tissue (*n*=18, *STAT5A P*=0.016, *STAT5B P*=0.11, unpaired *t*-test). Mean *STAT5A* or *STAT5B* expression in hLN was normalized to 1. (D) Statistical summary of nuclear STAT5A (left) and STAT5B (right) staining intensity, classified as weakly positive, positive and strongly positive, of 35 PTCL, NOS, 14 angioimmunoblastic T-cell lymphoma (AITL), 7 cutaneous T-cell lymphoma (CTCL), 6 mycosis fungoides (MF), and 5 control samples spotted on a tissue microarray.](105435.fig6){#f6-1050435}

In brief, patient-derived PTCL samples displayed *STAT5* upregulation and enhanced intensity of STAT5A/B nuclear staining, pointing to an important role of STAT5 in various PTCL subsets. These findings establish elevated expression of STAT5A/B across human PTCL entities, which we finally set out to target pharmacologically.

Proliferation of peripheral T-cell lymphoma cells is highly sensitive to targeted JAK/STAT pathway therapy
----------------------------------------------------------------------------------------------------------

Primary cultures of cS5A^hi^ CTL were cytokine-dependent and hypersensitive to IL-2, IL-4 and IL-7. This indicates higher cytokine-induced proliferation of cS5A^hi^ compared to wt cells ([Figure 7A](#f7-1050435){ref-type="fig"}, *Online Supplementary Figure S7A*), also reflected by the longer pYSTAT5 persistence after IL-2 withdrawal ([Figure 7B](#f7-1050435){ref-type="fig"}, *Online Supplementary Figure S7B*). Results from our mouse models^[@b32-1050435]^ and recent literature^[@b30-1050435],[@b52-1050435]^ indicate that inhibition of STAT5 signaling may represent a therapeutic option in PTCL patients. We investigated the effects of the Food and Drug Administration-approved JAK1/2 inhibitor ruxolitinib and JAK1/2/3 inhibitor tofacitinib^[@b38-1050435]^, as cS5A^F^ depends on upstream cytokine signaling, as well as the STAT5 inhibitor AC-3-19, which was described to inhibit pYSTAT5 activation and downstream target genes.^[@b39-1050435],[@b53-1050435]^ In the presence of IL-2, cS5A^hi^ mice-derived CTL cells were treated with increasing concentrations of these JAK and STAT5 inhibitors, which led to decreased STAT5 activation and cell viability ([Figure 7C](#f7-1050435){ref-type="fig"}, *Online Supplementary Figure S7C*). All three inhibitors reduced the viability of cS5A^hi^-derived CTL cells already at low concentrations, with the half maximal inhibitory concentration (IC~50~) being \~4.1 mM for AC-3-19, \~0.005 mM for ruxolitinib and \~0.03 mM for tofacitinib (*Online Supplementary Figure S7C*). Sensitivity to STAT5 inhibition could be confirmed in human PTCL cell lines. AC-3-19 treatment reduced the viability of Mac2A, FePD, SU-DHL-1, Mac1 and SR786 (IC~50~ 5-10 mM) (*Online Supplementary Figure S7D*). When we used ruxolitinib we found that Mac1- and Mac2A cells that harbor a *JAK2* translocation were sensitive.^[@b54-1050435]^ Control cell lines were only affected at significantly higher concentrations (AC-3-19: \<20 mM) (*Online Supplementary Figure S7D*, summary on mutations in human cells in *Online Supplementary Table S7*). In addition, ruxolitinib blocked neoplastic cell growth in cS5A^hi^ mice, as exemplified by reductions of splenomegaly and lymphadenopathy ([Figure 7D-E](#f7-1050435){ref-type="fig"}). The specificity of the treatment was validated by reduced pYSTAT5 in lymph nodes and spleen ([Figure 7F](#f7-1050435){ref-type="fig"}, *Online Supplementary Figure S7E*). Most impressively, the T-cell infiltration in peripheral organs was drastically reduced in treated mice ([Figure 7G](#f7-1050435){ref-type="fig"}, *Online Supplementary Figure S7F, G*). Collectively, these data verify that malignant cS5A^hi^-CTL and human PTCL cells critically depend on STAT5 signaling.

![Dependence of cS5A^hi^ on upstream cytokine signaling can be used for targeted pharmacological therapy. (A) \[^[@b3-1050435]^H\]Thymidine incorporation in CD8^+^ T cells isolated from lymph nodes (LN) of 35-week old wildtype (wt) and cS5A^hi^ mice after stimulation with interleukin (IL)-2 (100 U/mL, *P*≤0.0001), IL-4 (100 ng/mL, *P*≤0.0001), IL-7 (10 ng/mL, *P*=0.0002) or without (w/o) cytokines (*P*≤0.0001, n=3/genotype in triplicate, all unpaired *t*-test). (B) Immunoblot for pYSTAT5 and STAT5 on IL-2-cultured wt and cS5A^hi^ LN cells sampled at specific time points after IL-2 withdrawal. α-TUBULIN was used as a loading control. Representative blot of three experiments. (C) *In vitro* treatment of wt and cS5A^hi^ LN-derived T cells with increasing concentrations of ruxolitinib (left), tofacitinib (middle) or AC-3-19 (right) for 5 h blotted for pYSTAT5 (AC-3-19 -- two different exposures are shown indicated by the dashed line) and STAT5. An equal amount of dimethylsulfoxide was used as a control. HSC70 served as a loading control. Representative blot of three experiments. (D) *In vivo* treatment of cS5A^hi^ mice with 45 mg/kg ruxolitinib (n=6) or vehicle (n=6) for 30 days. Macroscopic appearance of LN (top) and spleen (bottom) and (E) spleen/body weight ratio after 30 days of treatment (Mann Whitney test, *P*=0.026). (F) Immunoblot (representative blot of two) on LN lysates of vehicle- or ruxolitinib-treated cS5A^hi^ mice for pYSTAT5 and STAT5, HSC70 was used as a loading control and diseased cS5A^hi^ spleen lysate was used as a positive control. (G) CD3 staining of lung sections of vehicle- and ruxolitinib-treated cS5A^hi^ mice, scale bars represent 400 or 100 mm.](105435.fig7){#f7-1050435}

Discussion
==========

PTCL patients face an unfavorable prognosis as chemotherapy results in a poor 5-year overall survival rate.^[@b2-1050435],[@b55-1050435]^ Targeted treatment options only exist for ALK^+^ anaplastic large cell lymphoma and are urgently needed for the other 30 PTCL entities. The cohort of patients we investigated revealed increased expression and activity of both STAT5A and STAT5B proteins in mature T-cell lymphomas. Using cS5A^hi^ transgenic mice we unambiguously associated STAT5A activity with PTCL phenotype. Importantly, mRNA expression changes of cS5A^hi^ mice closely matched gene expression profiles of human T-cell neoplasia and overlapped with the profile of the more aggressive hSTAT5B^N642H^ mouse model.^[@b32-1050435]^ Importantly, clinical JAK1/2/3 inhibitors ruxolitinib and tofacitinib^[@b38-1050435]^ and selective STAT5 inhibitors^[@b39-1050435]^ reduced neoplastic PTCL cell growth.

Previous transgenic models addressing leukemogenesis downstream of STAT5 employed either wt or *STAT5* gain-of-function variants in a lymphoid-restricted manner resulting in expansion of mature T cells, lymphoblastic or B-cell lymphoma.^[@b56-1050435]--[@b59-1050435]^ Broad hematopoietic expression resulted in enhanced granulopoiesis.^[@b60-1050435]^ Here, we engineered expression of the well-characterized hyperactive STAT5A variant cS5^F^ using the *vav*-promoter starting expression from the hematopoietic stem cell stage.^[@b40-1050435]^ cS5A^hi^ mice developed effector/memory- CD8^+^ T-cell malignancies featuring pronounced organ infiltration. Transgene expression was observed in all major blood lineages tested, but neoplastic expansion of CD8^+^ T cells was most prominent. This argues for the susceptibly of the T-cell lineage to STAT5 hyperactivation and it emphasizes the role of JAK1/3/STAT3/5 signaling in the outgrowth of T-cell lymphomas. We suggest that CD8^+^ T cells outcompete cS5A^F^-mediated effects on other lineages due to faster cell cycle progression, higher survival, cytokine sensitivity and cell fate-specific expression differences. We speculate that STAT5-mediated effects are more negatively controlled in myeloid over lymphoid cell types and that low pYSTAT5 levels, as mimicked in cS5A^lo^ mice, do not promote neoplasia. Gene-dosage and graded STAT5 activity levels in our study showed a clear positive correlation between STAT5 activation status and CD8^+^ T-cell numbers.^[@b34-1050435],[@b35-1050435]^ Senescence, diminished oligomer formation or differentiation capacity might contribute to the differences between cS5A^lo^ and cS5A^hi^. Although the level of pYSTAT5 in cS5A^lo^ mice was significant, it was nevertheless lower than in cS5A^hi^ or hSTAT5B^N642H^ mice, and malignant transformation did not occur in the cS5A^lo^ animals. Thus, the real driver of PTCL disease might be the amount of pYSTAT5 resulting in enhanced and prolonged transcriptional activity.

In PTCL several factors account for *STAT5* activation -- such as mutations in STAT5 or in upstream signaling components (e.g. IL-2R, JAK1, JAK3). Surprisingly, recurrent mutations in epigenetic and chromatin remodeling factors parallel JAK/STAT activation and the epigenetic landscape is also shaped by STAT3/5 and its versatile interaction partners.^[@b52-1050435],[@b61-1050435]^ However, until now a detailed understanding of these factors in PTCL is lacking. Increased pYSTAT5 levels have also been reported upon autocrine PDGFα signaling in PTCL, NOS.^[@b62-1050435]^ In CTCL, overexpression of oncogenic miR-155,^[@b49-1050435]^ downregulation of tumor-suppressive miR-22,^[@b50-1050435]^ enhanced progression by lymphotoxin-α-dependent lymphangiogenesis,^[@b63-1050435]^ STAT5-dependent CD80 expression,^[@b51-1050435]^ resistance to vorinostat^[@b48-1050435]^ and risk of disease progression^[@b64-1050435]^ were attributed to enhanced STAT5 signaling. The identification of recurrent and mutually exclusive gain-of-function mutations in *STAT3* suggests that these proteins share redundant functions in PTCL.^[@b18-1050435],[@b23-1050435],[@b28-1050435]^ Thus, dual STAT3/5 inhibition is needed in future therapy, which could be approached by SH~2~-domain blockers. Certainly, mutations or translocations in the upstream JAK proteins boost STAT5 signaling,^[@b25-1050435],[@b29-1050435],[@b30-1050435],[@b65-1050435]^ further emphasizing the potential benefit of JAK and STAT inhibitors.

The cS5A^hi^ model recapitulates clinical features of PTCL with high STAT5 activation. Among the few high-fidelity mouse models for other PTCL subsets,^[@b9-1050435],[@b66-1050435]--[@b69-1050435]^ the cS5A^hi^ model closely phenocopies pathological hallmarks of cytotoxic CD8^+^ T-cell PTCL. Importantly, cS5A^hi^-expressing cells are hypersensitive to the Food and Drug Administration-approved JAK1/2 inhibitor ruxolitinib, which is currently being studied in phase II clinical trials for the treatment of relapsed PTCL and adult T-cell leukemia/lymphoma (NCT01431209, NCT02974647, NCT01712659). In line with this, JAK-inhibitor treatment of Sézary syndrome,^[@b29-1050435]^ T-cell prolymphocytic leukemia,^[@b54-1050435],[@b70-1050435]^ and adult T-cell leukemia/lymphoma^[@b71-1050435]^ revealed reduced proliferation and immunomodulatory effects on the PTCL tumor microenvironment.^[@b3-1050435]^ Moreover, a small molecule inhibitor of STAT5 SH~2~ domain-phosphopeptide interactions^[@b39-1050435]^ resulted in strongly reduced viability in PTCL lines with high STAT5 activity and its successor compound showed significant effects in acute myeloid leukemia.^[@b53-1050435]^ Although these inhibitors are currently considered lead compounds, specific STAT5 inhibitors are also expected to enter clinical trials and combinations with kinase inhibitors could be tested.

In conclusion, our cS5A^hi^ transgenic mouse model indicates that STAT5 is a driver and STAT5 itself or its interaction partners are potential drug targets in PTCL. The STAT5-dependent CD8^+^ PTCL mouse model described here represents a tool to investigate molecular mechanisms of PTCL development. Our model serves for identification and pre-clinical testing of novel interventional strategies to target STAT5-dependent PTCL. We conclude that both STAT5A and STAT5B are oncogenes in PTCL, and STAT5B is more transforming. Overall, mutation induced-cytokine sensitivity drives PTCL due to enhanced STAT3/STAT5 signaling.
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